Purpose: Many epidemiological research studies have shown that vital exhaustion and psychosocial factors are associated with the occurrence of cerebrocardiovascular disease (CCVD). Fatigue is thought to induce endothelial dysfunction and may be linked to the occurrence of CCVD; however, no studies have investigated this potential link. We studied to determine the effect of fatigue on endothelial function in healthy subjects with no traditional CCVD risk factors or potential confounding factors to be controlled. Subjects and methods: Peripheral arterial tonometry (PAT) was used to evaluate endothelial function. The influence of the following parameters on endothelial function was analyzed in 74 office workers without traditional CCVD risk factors at health check-ups: endothelial function before and after work, subjective fatigue, lifestyle factors such as sleeping time, and psychosocial factors such as depression and social support. Results: Twenty-five subjects (33.8%) had low endothelial function; reactive hyperemia (RH)-PAT index 1.67, even though no abnormalities were reported in the health check-ups. There was no significant difference in endothelial function before versus after labor. Of note, endothelial function was associated with the individual's level of subjective fatigue (t = 2.98, P = 0.008) and showed a daily fluctuation, sometimes to a pathological degree (1.67).
Introduction
A link between increased risk of burnout or vital exhaustion and cardiovascular disease has been revealed. 1, 2 Furthermore, long-term fatigue or vital exhaustion was reported to be associated with cerebrocardiovascular disease (CCVD) such as cerebral infarction and sudden cardiac events in several epidemiological studies. 3, 4 In addition to vital exhaustion, psychosocial factors such as depression, anxiety and social support are associated with CCVD. [5] [6] [7] Fatigue is thought to induce endothelial dysfunction and to be linked to the occurrence of CCVD. However, to our knowledge, no studies have investigated this potential link.
Endothelial dysfunction has been reported to increase the risk of CCVD. [8] [9] [10] Endothelial cells maintain a relaxed vascular tone, achieved in part by releasing mediators such as nitric oxide. 11 Endothelial cells also modulate biological processes related to the walls of the blood vessels, such as the regulation of prothrombotic and antithrombotic factors, 
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Fatigue is generally considered to be one of the most important feelings in daily life because it is closely related to quality of life and well-being. However, fatigue is a complex phenomenon that involves a number of physical, psychosocial, and behavioral processes associated with multidimensional concepts. 22, 23 The perception of fatigue can differ between people and, even within one person, the meaning of fatigue can change. 24 Many tools have been developed to measure fatigue in nonclinical and medical settings, but it is difficult to define fatigue and there is no gold-standard method to assess fatigue. 25 Thus, in terms of CCVD onset, the development of an objective measure of fatigue is an important focus of research.
In this report, we analyzed endothelial function in healthy subjects without classical risk factors for CCVD, and evaluated the potential for endothelial function to be used as an objective measurement of fatigue in healthy people.
Material and methods

Study design and subjects
Four hundred and eleven subjects were recruited from the entire employee population of Kagoshima Seikyo General Hospital ( Figure 1 ). All participants were aged at and play a critical role in vascular homeostasis. 12, 13 Therefore, endothelial function is considered to be one of a marker for vascular health condition 8, 18 Factors known to affect endothelial function are diverse and range from traditional cardiac risk factors such as age, sex, hypertension, insulin-resistance and high cholesterol and lifestyle factors, to novel risk factors such as air pollution. [14] [15] [16] Nevertheless, in addition to the many risk factors described above, the presence of hitherto unknown factors cannot be ignored. 8 With increased understanding of the numerous roles of the endothelium, several novel techniques have been proposed to evaluate endothelial cell function. The assessment of endothelial function in coronary arteries is clinically significant as a predictor of future cardiovascular events. 17 In recent years, noninvasive methods have been developed for screening large populations.
14 The measurement of flow-mediated dilatation (FMD) is noninvasive and reflects endothelium-dependent vasodilation. 18 Peripheral arterial tonometry (PAT), which was applied for the same concept as FMD, does not require skilled operators to perform this test. [19] [20] [21] PAT analysis is conducted using a computerized automated algorithm and there is no inter-observer variability. 
First step
Endothelial function was assessed by PAT; this value is referred to as the first measurement of endothelial function (Figure 1) . All of the examinations were conducted while the subjects rested in the supine position, in a quiet, dim, and temperature-and humidity-controlled room (22 ± 2 °C, 40%-60%). Brachial-ankle pulse wave velocity (ba-PWV) and ankle-brachial index (ABI) were assessed using a volume-plethysmograph (Form/ABI; Colin, Co Ltd, Aichi, Japan). Fatigue, psychosocial factors and lifestyle were assessed by questionnaire. Lifestyle factors were assessed using Breslow's seven health habits questionnaire, which covered smoking, drinking, exercise, sleeping of 7-8 hours per day, daily breakfast and eating between meals. 26 
Second step
A PAT index value 1.67, which indicates low endothelial function, was observed in 25 subjects. Subjects with abnormal results in the first examination after their daily work underwent a second examination. Re-evaluation of the endothelial function was conducted in 19 of these 25 subjects (six subjects dropped out). In these 19 subjects, PAT (second and third assessments of endothelial function), ba-PWV and ABI were assessed twice a day; before work in the morning and after work in the afternoon ( Figure 1 ).
The PAT system
Endothelial function was measured noninvasively by PAT (Endo-PAT2000; Itamar Medical Ltd, Caesarea, Israel) using a finger plethysmographic device, which enables isolated detection of changes in pulsatile arterial volume. The device consists of two finger-mounted cuffs, which comprise inflatable Neoprene air-cushions within a rigid external case. The PAT data were analyzed by a computer in an operator-independent manner. The reproducibility of the PAT measurements were verified using previously reported statistical procedures. 21 PAT is also configured to unload arterial wall tension and increase the range of arterial wall motion without inducing potentially confounding vasomotor changes. A value of 1.67 is considered to indicate endothelial dysfunction, as determined in a population at risk for ischemic heart disease. 20, 28 Therefore, in this study, we allocated subjects with an PAT index value of 1.67 to a low-response group, and those with index values of 1.67 to the normal-response group. In accordance with a study by Bland and Altman, the parameters of endothelial function showed repeatability within two standard deviations (SD) and are reproducible. 29 
Assessment of fatigue and psychosocial factors
We used the following four methods to assess fatigue and psychosocial factors. a) To evaluate the individual's level of the relative subjective fatigue, we asked the subject to compare their subjective fatigue twice a day at the second and third measurements of endothelial function. The individual's level of subjective fatigue was subjectively classified into two groups according to the subjects' own judgments: less fatigue and more fatigue. The relative level of subjective fatigue was evaluated without informing the subjects of their PAT values. b) Evaluation of the strength of conventionally quantified fatigue: The Ministry of Health in Japan, Labor and Welfare's accumulated fatigue checklist (AFC) 30 was administered at the second measurement of endothelial function to evaluate the strength of quantified fatigue. The AFC was evaluated without informing the subjects of their PAT values. c) Evaluation of sleeping duration: The subjects were asked to report their duration of sleeping on the day prior to the study day. d) Evaluation of psychosocial factors: Psychosocial factors were evaluated by the 20-item Self-Rated Depression Scale, 31 the 10-item Self-Esteem Scale, 32 the 20-item State-Trait Anxiety Inventory, 33 the 10-item Self-Repression Scale and the Emotional Social Support Scale (10 items for support from the family and 10 items for support from friends/others). 34 
Statistical analyses
Data are presented as mean values and SD, or frequency and percent. Categorical data were evaluated using the Chi-squared test. The Kruskal-Wallis and WilcoxonMann-Whitney tests were used to compare proportions among groups. For parametric data with normal distribution, Student's t-tests for paired or unpaired observations were used as appropriate. Associations between factors were tested by standard linear regression. Statistical significance was set at a P-value of 0.05. All statistical analyses were conducted with SPSS software (v. 11.5 for Windows; SPSS Japan Inc., Tokyo, Japan).
Results
Distribution of endothelial function
Of 411 subjects originally identified, a total of 74 subjects were considered eligible based on their health check-ups and completed the evaluations. No disease was observed in any of the subjects. The average reactive hyperemia (RH)-PAT index value of these subjects was 1.95 ± 0.47. Forty-nine subjects had an RH-PAT index value of 1.67, and 25 subjects had an RH-PAT index value of 1.67. Accordingly, one-third of the subjects had RH-PAT values indicating endothelial dysfunction. No difference in RH-PAT index values was observed by sex (Figure 2A ) or by age ( Figure 2B ).
The subjects with normal endothelial function were compared with those with endothelial dysfunction in terms of the following parameters: potential onset of risk factors, age, body mass index, blood markers, psychosocial assessment, lifestyle and vascular dynamics. None of these cardiovascular risk factors differed significantly between the two groups of 
Association between relative fatigue and endothelial function
There was non-significant change in the RH-PAT index when comparing the values before and after work in 19 subjects ( Figure 3A ; t = -1.13, P = 0.275). Similarly, there was no relationship between endothelial function and quantified fatigue (AFC value). However, the endothelial function values fluctuated significantly, along with subjective fatigue, at different times of the day ( Figure 3B ). The mean RH-PAT index value was 1.86 ± 0.47 in subjects reporting low subjective fatigue and 1.54 ± 0.23 in subjects reporting greater subjective fatigue (t = 2.54, P = 0.008), corresponding to a decrease of -34.6% ( Figure 3B ). In other words, subjects with greater subjective fatigue showed a significantly lower endothelial function response. The reasons for subjective fatigue included domestic duties (n = 5), being out of shape (n = 5), a reason other than work itself (n = 7), or no reason (n = 2).
On the other and, there was a nonsignificant change in ba-PWV between the morning and the afternoon (t = 1.04, P = 0.178). Furthermore, there was no association between endothelial function and duration of sleeping (data not shown). Moreover, endothelial function was not associated with AFC or psychosocial factors. However, associations were found among factors that potentially affect fatigue. There were negative correlations between AFC and Emotional Social-Support from Friends (ρ = -053, P = 0.041), between the Self-Esteem Scale and State-Trait Anxiety Inventory (ρ = -0.58, P = 0.002), between the Self-Esteem Scale and the Self-Repression Scale (ρ = -0.73, P = 0.002), and between the Self-Esteem Scale and the Self-Rated Depression scale (ρ = -0.60, P = 0.018) ( Table 3) .
Discussion
Nontraditional risk factors of endothelial dysfunction
Endothelial dysfunction is considered to be involved in the pathway between the development of atherosclerosis and the development of ischemic disease. 18 Endothelial dysfunction progresses with increases in risk factors for ischemic heart disease, such as advanced age, smoking, physical inactivity, diabetes, dyslipidemia and hypertension. 16, 35, 36 These risk factors exert a marked influence on endothelial cells over time and contribute to systemic manifestation such as CCVD and Sudden Cardiac Death. 37 Conversely, several studies have reported that psychosocial factors affect CCVD, [5] [6] [7] other than the above-mentioned 67. An index value of 1.67 was considered to indicate endothelial dysfunction (low response). Overall, 33.8% (25/74) of the healthy subjects had endothelial dysfunction. There were no significant differences nor correlation in RH-PAT index values between sexes A or age groups B. Abbreviations: ns, not significant; RH-PAT, reactive hyperemia peripheral arterial tonometry.
Fatigue and endothelial dysfunction Dovepress submit your manuscript | www.dovepress.com Dovepress traditional ischemic risk factors. 8 Some FMD studies have revealed that there is no difference in the prevalence of these risk factors in subjects with normal endothelial function values versus subjects with endothelial dysfunction. 8 In this study, one-third of the healthy subjects had PAT values of 1.67, indicating low-response endothelial dysfunction, which means that endothelial function is sometimes abnormal in healthy people. Furthermore, we showed that endothelial function fluctuates diurnally, with an interaction between the individual's cognitive fatigue and the individual's environment (Figure 4) . Here, we found no diurnal variations in the pulse wave velocity. This was because we excluded patients with hypertension, and all of the subjects included in our study had stable blood pressure. Thus, we consider that endothelial function is more likely to reflect diurnal variations than pulse wave velocity. Although the ba-PWV reflects arterial stiffness and ABI reflects the occlusion of lower extremity arteries, both were within their normal ranges in this study. , endothelial function was examined twice a day, before and after work. However, there was no difference in endothelial function before versus after work. **P  0.01 vs before work. B) Effect of subjective fatigue on endothelial function. RH-PAT values in individuals with an initial low response were classified into subjects who reported more fatigue and subjects who reported less fatigue. Subjective fatigue had a significant effect on endothelial function. **P  0.01 vs less fatigue. Abbreviations: RH-PAT, reactive hyperemia peripheral arterial tonometry; ns, not significant. This was considered to be due to the exclusion of individuals with traditional risk factors in this study.
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Fatigue and endothelial dysfunction
Based on the epidemiological evidence that vital exhaustion and/or mental stress are associated with CCVD, 1-4 the physiological processes of fatigue must affect vascular function. However, the mechanisms by which the vascular function of healthy subjects is influenced by changes in subjective fatigue or accumulated fatigue processes are still unclear. The results of this study are important in verifying one of these processes, namely that the strength of fatigue within one person is significantly associated with vascular function and could be considered as a risk factor for vascular dysfunction.
This study has shown that subjective fatigue is significantly associated with endothelial function (Figure 3 ). Endothelial function measured by PAT did not vary according to daily work, but rather to the level of subjective fatigue.
As vascular function is not only affected by cardiac function but also by the autonomic nervous system and the endocrine system, non-traditional risk factors, other than the recognized traditional risk factors represented by arteriosclerosis risk factors, are predicted to exist. In this study, we focused on one of the nontraditional risk factors, fatigue. It is worth noting that endothelial function varied significantly according to self-evaluated strength of fatigue. Furthermore, we also found that endothelial function is not only associated with risk factors for ischemic disease, but also fluctuated diurnally in healthy subjects. This might represent a total body reaction to the psychosocial interaction between the individual and the environment (Figure 4) . Nevertheless, associations between fatigue and psychosocial factors such as depression, self esteem and anxiety have been reported 24 and similar results were observed in this study (Table 3 ). Our observations suggest that endothelial dysfunction may be a risk factor for CCVD, even in healthy people. 
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Evaluation of fatigue
Fatigue is commonly defined as a pervasive sense of tiredness or a lack of energy that is not exclusively attributable to exertion. 38 However, a unified definition remains elusive, partly because fatigue is a complex phenomenon that involves a number of psychosocial, behavioral and/or physiological processes. 39 The levels of fatigue differ among individuals and absolute quantification is still difficult. In this study, we showed that fatigue affects endothelial function based on the relative fatigue assessment in individual participants. The temporal state of fatigue is conceptually distinct from the pathological state.
2,25 The relative change in the level of fatigue after the second and third measurements was correlated with endothelial function. However, absolute quantification of fatigue with a single cognitive assessment using fatigue-related scales is difficult and there seemed to be no correlation between the individual fatigue-related scales and endothelial function. Moreover, although the etiology of burnout or vital exhaustion has been investigated and cohort studies have been conducted, [2] [3] [4] it is still not possible to distinguish between pathological fatigue and physiological fatigue. It is important to establish an objective method of assessing fatigue. Although various approaches have been attempted, including animal models of fatigue, 40, 41 an objective method to measure physiological fatigue in healthy people has not yet been developed. Menopausal status did not affect the conclusion of our study because we evaluated the relationship between endothelial function and fatigue in individual participants. Although we only conducted further assessments in subjects who had shown abnormal endothelial function at the first examination in this study, we intend to extend our study to include all subjects to generalize the correlation between fatigue and endothelial function.
In this paper, we propose a new concept that vascular endothelial cells are a potential sensor of fatigue (Figure 4 ). The differences between the individuals' reaction to the environment is reflected in their health status. 42 Fatigue represents a systemic reaction of the person and endothelial function seems to react sensitively as an objective sensor of fatigue. In terms of the clinical utility of measuring fatigue, acknowledging the individual's magnitude of fatigue at baseline is important to recognize how changes in level of fatigue leads to endothelial function and thus self-management.
Conclusion
Our study indicates that changes in the strength of fatigue could influence endothelial function, even in the absence of traditional risk factors for ischemic disease. We propose a new concept that vascular endothelial cells are a potential sensor of fatigue. Endothelial function, as an objective tool to measure fatigue in healthy subjects, could be used to aid selfmanagement or health education for healthy individuals.
